We present the spatio-temporal evolution of seismicity recorded by eight three-component digital seismographs in operation continuously during a 3 yr period (1994 August to 1997 at Açu reservoir, NE Brazil. The Açu dam is a 34 m high earth-filled dam constructed in 1983 May on an area of Precambrian shield. Based on seismic monitoring between 1987 and 1989 using single-component analogue seismographs, previous workers concluded that the seismic activity was a case of reservoir-induced seismicity (RIS) associated with diffusion of pore fluid pressure beneath the reservoir. The digital data presented here reveal the seismic activity in remarkable detail with vertical and horizontal location errors ≈0.1 km. A total of 286 events were recorded by three or more stations and all occurred at a depth of <5 km.
INTROD U C T I O N
Dam-induced seismicity has received special attention from engineers and geoscientists because of its potential to damage constructions and nearby buildings, leading to human and material losses. Following damaging reservoir-induced seismicity (RIS) in the 1960s at Koyna (India), Hsingfengkiang (China), Kariba (Zimbabwe) and Kremasta (Greece), (see Gupta 1992 , for review), a great improvement in seismic monitoring occurred and in the 1970s local seismographic station networks were deployed to monitor several reservoirs (Gough 1969; Gough & Gough 1970; Beck 1976; Talwani 1976 ).
These led to lower detection thresholds and improved hypocentral locations of seismic events. Complementary field studies identified the factors that are likely to control the observed RIS: ambient stress field conditions, fracture occurrence, hydromechanical properties of the rocks beneath the reservoir, geology of the area, dimensions of the reservoir and lake-level fluctuations (Zoback & Hickman 1982; Talwani 1997) . Observational and theoretical models, e.g. Bell & Nur (1978) ; Roeloffs (1988) ; Talwani (1997) attest to the existence of two effects when a water reservoir is filled: (i) the change in ambient stress condition as a result of the load of the water, which may lead to failure; (ii) the increase of interstitial pore pressure in the rock matrix, fractures and faults beneath the reservoir. This second effect arises from fluid diffusion, compaction of the water saturated rock as a result of the weight of the reservoir, or both. Therefore, the analysis of RIS potentially provides an excellent opportunity to investigate mechanical and/or hydraulic properties of the crust, e.g. Bell & Nur (1978) , Talwani & Acree (1984) , Roeloffs (1988) , Talwani (1997) , Chen & Talwani (2001) . Observational investigations of RIS are often jeopardized by the lack of accurate hypocentral locations. This is caused either by the complexity of the velocity structure in the area investigated or by the lack of appropriate seismic surveillance: i.e. the number, or the arrangement of seismic stations. Accurate hypocentral location and continuous seismic monitoring are important because they give information on significant aspects of RIS, such as migration of seismicity with time. In many cases of RIS, such as those reported by Gupta (1992) for example, only the number of events recorded by a single station is available. Hence, it could be that a clear correlation of water level with increased seismicity is masked out by the lack of control on the epicentral location of seismic events. In this respect the seismic monitoring described in this paper from Açu reservoir in NE Brazil ( Fig. 1 ) has resulted in a very well-documented case of RIS. The combination of (i) continuous monitoring with a network of three-component digital seismographs over several years (1994) (1995) (1996) (1997) and (ii) the simple velocity structure of the Precambrian basement in the Açu area reveals a detailed picture of the spatio-temporal evolution of seismic activity over several annual cycles of water level fluctuation. Ferreira et al. (1995) first documented seismic activity associated with the construction of the Açu reservoir. It is located in an area of the Precambrian shield composed of paragneiss, biotite gneiss, gneiss-migmatite of Archean age and biotite granite of Neoproterozoic age (Jardim de Sá 1994). The area surrounding the dam has very flat topography. Hence the dam itself is fairly small (34 m) and the reservoir volume is only 2.4 × 10 9 m 3 . The dam was completed in 1983 but the water level reached the spillway for the first time in 1985 February. It is not known exactly when the local seismic activity began but seismic monitoring began in 1987 August. From 1987 to 1989 only the number of seismic events was recorded using a single station. Over the next 8 yr two field campaigns, using single-component smoked-drum recorders, were carried out during 1989 October to December and 1990 November to 1991 March (Ferreira et al. 1995 . These authors showed that the seismic activity occurred preferentially with dextral strike-slip focal mechanisms on NE oriented faults under regional E-W compression. Based on a preliminary result that indicated a correlation between reservoir level and seismicity (Fig. 2) , Ferreira et al. (1995) concluded that the seismicity was a case of RIS. During the intervening periods only the total number of events was again recorded by a single permanent station BA1 (location shown in Fig. 3) . Ferreira et al. (1995) show a map of structural lineations, trending approximately NE in this area. They were derived from previous maps (CPRM 1980; Petrobras 1986 ) and satellite images. These lineations correspond to Precambrian ductile shear zones. More recently, Amaral (1997) presented field evidence that some of these ductile shear zones may have been reactivated as brittle faults at shallow crustal levels. The fabrics in the fault breccia indicate formation between 0 and 4 km in depth. According to Amaral (1997) , the possible age of the brittle faulting is Cretaceous, although it is hard to constrain. Fig. 2 shows the monthly variation of water depth and seismic activity, as recorded by BA1 for the entire period of seismic monitoring from 1987 to 1997. The horizontal two-headed arrows near the time axis indicate the duration of the field campaigns carried out by Ferreira et al. (1995) and by the present research (1994) (1995) (1996) (1997) . From 1987 to 1989, both the reservoir water level and the seismic activity showed a fairly simple quasi-periodic behaviour. According to Ferreira et al. (1995) , the seismicity had a maximum correlation coefficient of 0.55 with the water level, with a delay of 3 months over this time interval. The value 0.55 is lower than might be expected from visual examination of Fig. 2 over the period 1987-1989, but this is largely a result of the different shapes of the two curves being correlated. The correlation of seismic activity with water level for the period 1987 -1989 led Ferreira et al. (1995 to conclude that the diffusion of pore fluid pressure is the dominant mechanism for earthquake triggering in this area. However, from 1990 However, from until 1997 , the seismicity no longer shows such a clear correlation with the water level (Fig. 2) . While periods of drought in 1990 and 1993 can explain some of the poor correlation, this explanation does not apply to other years, such as 1995 and 1996 when no drought occurred. Ferreira et al. (1995) suggested that another factor affecting the correlation was the migration of the locus of seismic activity so that event detection, using a fixed network geometry, would not be uniform through time. These authors demonstrated that a key characteristic of the Açu seismicity is the migration between discrete fault zones (Fig. 3) , although their interpretation of this phenomenon was limited by relatively large location errors (≈0.5 km horizontal, but very poor vertical control). Fig. 3 ). The horizontal two-headed arrows near the time axis indicate the duration of the field campaigns carried out by Ferreira et al. (1995) and the present research. Water level data are from DNOCS-Depto. Nacional de Obras Contra a Seca, Brazil. (Ferreira et al. 1995) . Circles are the epicentres determined using the digital seismic network from 1994 until 1997 that are analysed in this paper. The permanent station BA1 is shown by the black triangle. The dashed line delimits the area where the digital network was installed.
In contrast, the location errors obtained with the three-component digital network are on average ≈0.1 km, for both vertical and horizontal, as we show below. Because of the improved location control we are now able to investigate both lateral and vertical migration of seismicity in great detail and show how the migration pattern relates to the reservoir water level as it fluctuates through time. Fig. 3 shows a summary of the seismic activity over the entire time interval of seismic monitoring in the Açu area (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . The locations of all the events were determined using the programme HYPO71 of Lee & Lahr (1975) . Note that in map view (Fig. 3 ) the seismic activity is clustered in discrete NE trending zones and that different clusters are active over different time periods. Based on the data prior to 1991, Ferreira et al. (1995) suggested that there was a systematic migration of activity to greater distances from the reservoir. However, Fig. 3 shows that this is not in fact the case, an observation that we discuss further below.
EVEN T L O C AT I O N A N D F O C A L M E C H A N I S M
Five different configurations of the digital network were used between 1994 November and 1997 April (Fig. 4) . The dashed lines on each map of Fig. 4 denotes the approximate extent of the digital network, i.e. the approximate detection limit of the digital network. In other words, no events were located by the digital seismic network beyond the area defined by the dashed lines. The minimum, mean and maximum magnitude of the events detected by the network are, respectively: 0.13, 0.88 and 2.14. The time period during which each configuration of the digital network was deployed is also shown in Fig. 4 . The reason for changing the network configuration is to reduce the station spacing and thus minimize the possibility of having an upper depth limit on the event location caused by a combination of velocity model choice and limitations on location theory. To effectively locate the depth of an earthquake, at least one station should be above the event, within a cone of 45
• from the vertical. The station coverage shown in Fig. 4 thus assures reliable hypocentral location of the shallowest events. The velocity model used here was the same as that used by do Nascimento (1997, 2002) , which assumes an isotropic, homogeneous, infinite half-space with constant V P and V S values. The choice of this quite simple velocity model was made because the study region lies on Precambrian crystalline basement. Rocks of this type exhibit high rigidity and very low attenuation even in the near surface, evidenced by the simple nature of the seismograms. In order to find the V P and V S values, 58 events that were recorded in at least five stations with absolute timing for the P-and S-wave arrivals were used to calculate V P /V S Figure 5 . (a) to (f) shows hypocentre parameters obtained from analysis of the digital data using HYPO71 (Lee & Lahr 1975). ratios via the Wadati diagram. According to the Wadati diagram for these 58 events, V P /V S = 1.71. In order to determine the V P value, the hypocentres of the same 58 events were located using HYPO71 (Lee & Lahr 1975) with different values of V P /V S and V P . The model that produced the smallest epicentral and depth estimation errors was the one that also gave V P /V S = 1.71 and V P = 6.00 km s −1 . Fig. 5 shows the associated HYPO71 errors and location parameters for the 286 events recorded by three or more stations of the digital network. It can be seen from Figs 5(a), (b) and (c) that most of the events have vertical and horizontal errors ≤0.1 km and a rms residual ≤0.02 s. The minimum number of readings (both P and S) is four ( Fig. 5d ), which indicates that the event was recorded in at least three stations. For all the hypocentral locations, besides the absolute timing of the P and S arrivals, t P and t S respectively, we also used traveltime differences (t S − t P ). For the spatio-temporal analysis presented in this paper, we only used those hypocentral locations with at least five readings of t P , t S and (t S − t P ), giving horizontal and vertical errors ≤0.3 and ≤0.4 km. This reduced our data set to 267 events but minimized the misleading artefact of the hypocentral determination algorithm whereby too few phase readings give artificially low residuals and small vertical and horizontal errors. From Fig. 5 (e) we see that the maximum azimuthal gap between a located epicentre and any two stations is 180
• or less for most events. Fig. 5(f) shows that the majority of events have a hypocentral depth between 1.4 and 3 km and none are deeper than 5 km. The upper cut-off to the seismicity is unlikely to be caused by poor station coverage for the reasons given above. Instead, it is most likely to be reflecting the transition to stable frictional sliding that occurs in the near surface as a result of low normal stress (see Scholz 1990 , for review).
The focal mechanisms of the seismic activity from 1994 to 1997 were analysed using a programme called RAMP by Pearce (1977 Pearce ( , 1980 and Pearce & Rogers (1989) . This programme searches for double-couple point source mechanisms compatible with input P-wave polarities. The programme searches over a specified grid of 5
• steps for the strike, dip and rake, yielding 93 312 possible solutions. In this method all the solutions fitted are considered equally compatible with the data. So, the method will not provide a single best solution, but a set of compatible solutions. In order to have a good determination of the azimuth and incident angle on the focal sphere, events (regardless of the cluster they belong to) were selected that had at least 12 readings t S and t P absolute and (t S − t P ) relative time readings and vertical and horizontal errors ≤0.1 km. The criteria used to select events for focal mechanism determination are very critical. An error in the depth determination of 0.2 km in a event 2.0 km deep can cause a 3
• error in the incident angle. Moreover, an error of 0.2 km in the horizontal determination of an event distant by 2.0 km can lead to a 5
• error in the azimuth determination. Fig. 6 and Table 1 shows two nodal planes found by ramp. Each solution contains a maximum of 23 polarity mismatches (the total number of polarities is 532). This small number of mismatches is an indication that all the events have a similar focal mechanism, i.e. right-lateral strike-slip motion on SW-NE oriented faults, with an E-W P-axis and N-S T-axis. The composite focal mechanism solution that we obtain here (Fig. 6 ) agrees with the results of Ferreira et al. (1995) for the previous data sets. In general, earthquake focal mechanisms in this region and in other regions in northeast Brazil are consistent C 2004 RAS, GJI, 158, 1041-1052 Figure 6 . Composite P-wave first-motion polarity data for the digitally recorded events, shown on an equal area plot of the lower focal hemisphere. Compressional (positive) and dilatational (negative) first motions are indicated by vertical and horizontal bars respectively to highlight conflicting polarities more clearly. Best-fitting fault planes are also shown (see Table 1 ). with the maximum horizontal compressive stress being oriented E-W (Assumpção 1992; Ferreira et al. 1998) .
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With such well located events provided by the digital monitoring, it is possible to examine the relationship between the migration of events and the water level variation (Figs 7 and 8). It can be noticed from Fig. 7 that the seismicity between 1994 and 1997 does not occur in a single spatial region, but is clustered in at least three different regions. We use the word cluster to denote spatially grouped events that are, in general, active over different time periods as shown below. Fig. 7 shows these three identifiable clusters. In this figure, clusters a, b and c are separated spatially (because the maximum location error associated with each individual earthquake is 400 m, smaller than the separation between the clusters). Note that discriminating between clusters based on focal mechanism is not possible given the consistency of focal mechanism solutions throughout the area (Fig. 6 ). When seen in cross-section (Fig. 7c) , clusters a and b clearly occur within two elongate zones that dip steeply to the northwest. For cluster c the geometry is less clear but it consists of relatively few events.
For the years of digital seismic monitoring, Fig. 8(a) shows the monthly number of events recorded together with the daily water level in the reservoir. Figs 8(b) , (c) and (d) show, respectively, the depth of each event, distance along a NW-SE line and distance along a SW-NE line, versus time (in years). In each of these figures different symbols are used to plot the different clusters, so that it is possible to see how the different clusters are activated in relation to the lake water level shown in Fig. 8(a) . Three months in each year are labelled on the histogram to facilitate reading Fig. 8(a) . The letters S, O, N and D are, respectively September, October, November and December. The spatio-temporal activity of each cluster is summarized in Tables 2 and 3 .
On the 1995 May 31, a peak in water level (56.4 m), as indicated by the left hand vertical arrow in Fig. 8(a) was followed by a increase in seismicity between 1995 October 7 and 20. The time delay, therefore, was between 131 and 144 days, which is approximately 4.5 months. The seismic activity during 1995 October is the greatest in the entire 3 yr period (around 70 events in 3-4 weeks). During this month, the seismicity was also concentrated in a small portion within cluster a. The horizontal bar representing this month in Figs 8(b) , (c) and (d) shows a depth range for the majority of these events of between 1.8 and 2.3 km and, in the SW-NE line, those events occur in a region approximately 1.5 km long and along the same fault line, within a zone <500 m wide, as can be observed in Fig. 8(d) .
On the 1996 April 27, the water level in the Açu reservoir reached another maximum (56.7 m), as indicated by the vertical arrow on the right, in Fig. 8(a) . In that year, the pronounced seismic activity started on the 1996 October 21 in cluster b. Therefore, the delay was 177 days, which is approximately 6.0 months. Later on 1996 November 25, cluster c was activated, hence a time delay of 212 days, or approximately 7 months can be inferred. These months, 1996 November and December, are also marked on Figs 8(b), (c) and (d) as horizontal bars. After 1996 November 25, clusters b and c were active at the same time but activity in a virtually ceased. Clusters b and c are are in depth ranges 2.8 to 3.0 km and 4.0 to 4.7 km, respectively. Fig. 9 shows the time delay from the previous peak in reservoir level (in days) for each seismic event belonging to the three clusters, a, b and c, plotted as open symbols. The filled symbols are the data shown in column 3 of Table 3 , which correspond to the peak in seismicity for each cluster as determined from analysis of individual cluster histograms. These latter values are plotted against the midpoint of the depth range shown in column 2 of Table 3 . The error bars in the x-axis direction show the bin width used in the histogram analysis, 1 month. The time delay on Fig. 9 is plotted from zero (determined by the peak in water level in the reservoir) to 465 days. Obviously, the initial events seen in cluster a are unlikely to be a consequence of pressure diffusion from the most recent reservoir level peak because the diffusion time is too short. They may be residual seismic activity from the previous year. There is a noticeable onset of seismic activity at 100 days, so the figure has been extended to show 365 days from this onset to include all the events that are likely to be a consequence of a single reservoir level rise.
There are several observations of interest that are demonstrated by Fig. 9 . First, events in each of the clusters show similar temporal behaviour: an initial onset of seismicity that rapidly reaches a peak in the frequency of seismic events for each cluster, this is then followed by a long tail throughout that the frequency of events diminishes over time. Secondly, both the onset and the peak in seismicity are delayed for increasing depth of cluster, thus demonstrating overall that the governing mechanism for event triggering is pore pressure diffusion. However, within an individual cluster there is no correlation between time delay and increasing hypocentral depth, a point that is discussed further in Section 4. The delay times shown in Table 3 indicate an average rate of diffusion of pore pressure of ≈1 km of depth per 47 days. However, cluster a at 2.0 km depth has a delay time of 133 days, i.e. a much longer delay than the average rate of diffusion implies. This observation suggests that the seismicity is occurring on different faults each of which has different average hydraulic properties. One simple way to approximately quantify the difference is to use the concept of seismic hydraulic diffusivity (α s ) (Talwani & Acree 1984) . Talwani & Acree (1984) analysed cases of induced seismicity dominated by pore pressure diffusion and defined α s = L 2 /t, where L is the characteristic distance between the source of pressure front and the location of the seismicity and t is the time lag between the generation of that pressure front (i.e. filling of the reservoir). They found that α s ranges between 5 × 10 3 and 5 × 10 5 cm 2 s −1 . For clusters a, b and c, we find α s is 3.4 × 10 3 , 5 × 10 3 and 10 4 cm 2 s −1 , respectively. A further important feature of Fig. 9 is that the duration of seismic activity corresponding to an individual reservoir level peak reduces systematically with increasing depth. This pattern is also consistent with pore pressure diffusion as the triggering mechanism when we consider that the amplitude of the pressure wave is being attenuated over depth. As a result of this attenuation, the interval of time over which pressure exceeds a threshold value is reduced. In companion papers, we use a 3-D model of pressure diffusion to investigate both the hydraulic diffusivity and the decay in amplitude of the pressure wave for an individual fault beneath the reservoir (do Nascimento et al. 2004a,b) .
Evidence for migration between faults: combining data from permanent station BA1 with the digital network data
In the previous section, we have shown that at least part of the explanation for an apparently poor correlation between the number of seismic events and the water level is that the depth of the triggered seismic activity varies significantly, with deeper events occurring after a longer time delay. When combined with anomalous reservoir levels during periods of drought, the lack of a clear correlation in Fig. 7 and Section 3. The horizontal bars highlight the months where the peak in seismic activity occurred. (c) and (d) show the temporal evolution of seismicity along SW-NE and NW-SE projection lines, as used in Fig. 7 . The symbols that are used to plot the events are the same as those used in Fig. 7. activity, and thus incomplete event detection, is another contributing factor (Ferreira et al. 1995) . Fig. 10(a) shows the histogram of monthly earthquake activity recorded by the permanent station BA1 and the digital seismic network. These data cover the time period of 1994 November until 1997 April. During this time period both BA1 and the digital network are known to have been operating continuously. In general terms, the histograms look very similar. The data collected by BA1 mimic the two peaks of earthquake activity in 1995 and 1996 described above. However, there are some differences in these two histograms as a result of the finite detection threshold. Events with a very small magnitude occurring near BA1 are unlikely to be detected by the digital network and small events very close to the digital network are unlikely to be detected by BA1. Over the entire period 1994 November to 1997 April (Fig. 10a) there are four time intervals when there are differences in the number of events recorded at BA1 compared to the digital network. From 1994 November until 1995 September, the number of earthquakes recorded by the digital seismic network (shaded histogram) is systematically lower than the number recorded by BA1 (white histogram). Then from 1995 October until 1996 July, the opposite is true as BA1 records systematically fewer events than the digital network. During the months of 1996 August, September and October, considerable seismicity (more than 10 events per month) was recorded by BA1 whilst very Table 3 . Depth range and the percentage of events that occur at this depth range of each cluster shown in Fig. 7 . The time delay corresponds to the time interval between the peak in water level variation and the activation of a particular cluster. Column 4 shows the per cent of all the events (for each cluster) that are in the depth range given in column 2 and that have a time delay equal (±0.5 month) to that shown in column 3. low seismicity was recorded by the digital network. Finally from 1996 November until 1997 April, the digital network again records more events than BA1. An explanation for the differences shown in Fig. 10(a) is provided by Figs 11(a) and (b). Fig. 11(a) shows the values of the time delay between the P-and S-wave arrival times for all the events recorded at BA1, hereafter referred to as (t S − t P ) arrival times, for the period 1994 August until 1997 April. Fig. 11(b) shows the histogram of these arrival times. There are two main peaks in the distribution of (t S − t P ) arrival times at BA1, one around 0.9 s and another at 1.6 s. Although with one single-component station one cannot determine a hypocentre, it is possible to calculate the distance of those events from the station. If a homogeneous half-space is used, where values of V P /V S = 1.71 and V P = 6.00 km s −1 are valid for the entire region, it is possible to write that = 8.45(t S − t P ), being Table 3 . For the latter, the mid-point of the depth range shown in Table 3 is plotted and the vertical error bar indicates the depth range (see column 2 of Table 3 ). The time delay is from column 3 of Table 3 , ±0.5 month in each case. the distance from the station to the event in km. Using the values of (t S − t P ) of the two main peaks (at 0.9 and 1.6 s), it is found that such events are occurring mainly at two discrete hypocentral distances of ≈7.6 and ≈13.5 km respectively from BA1. Taking the depth range of the seismicity to be between 1 and 5 km (Fig. 8b) , these distances convert to epicentral distances of 5.7-7.5 and 12.6-13.5 km respectively from BA1. The main area of seismic activity recorded by the digital network to the south of Nova São Rafael is approximately 12-14 km SSW of BA1, which most likely corresponds to the peak at 1.6 s seen in Fig. 11(b) . Thus, it is the peak at 0.9 s that is of interest here as it suggests the presence of another seismicity cluster closer to BA1 that was not recorded by the digital network. The dashed box in Fig. 10(b) shows the approximate detection limit of the digital network. The detection limit of the digital network does not extend more than 5 km north of the town of Nova São Rafael. Therefore, the digital network was very unlikely to detect the seismicity cluster close to BA1. In Table 2 we therefore refer to this as the BA1 cluster. In Fig. 10(b) the smaller dashed circle (radius 5.7 km) is used to indicate the epicentral distance of events with (t S − t P ) = 0.9 s, assuming a hypocentral depth =5.0 km. The larger circle (radius 7.5 km) is to mark epicentral distances when the hypocentral depth equals 1.0 km.
It can be concluded from this simple analysis that from 1994 August until 1995 December, as indicated by arrows on Fig. 11(a) , two areas were seismically active: one near Nova São Rafael (i.e. cluster a of this study) and another one 5.7-7.5 km from BA1. Because only the (t S − t P ) arrival times are available, it is not possible to constrain the actual location of these events. However, in 1989 , Ferreira et al. (1995 did locate a few events 5-6 km SSE of BA1 shown in Fig. 3 . Therefore, it is possible that the cluster of activity at an epicentral distance of 5.7-7.5 km from BA1 occurred in the same location. The fact that, for the period 1994 November to 1995 September, the number of events recorded per month (typically <10) by the digital network is much smaller than the number recorded by BA1 per month (typically 10-30 per month) (Fig. 10a) , suggests that this additional cluster of activity near BA1 was relatively significant. In particular, there is a peak in activity recorded by BA1 in 1995 January that is approximately 6 months after the peak water level (54.3 m) in July 1994. This peak is comparable in size to the peak that occurred in 1996 November-December when clusters b and c were active south of Nova São Rafael. Fig. 3 and the location of permanent station BA1. The smaller dashed circle around station BA1 marks the epicentral locations of events with (t S − t P ) arrival times of 0.9 s, assuming a hypocentral depth of 5.0 km (see Fig. 11 ). The larger dashed circle marks epicentres with (t S − t P ) arrival times of 0.9 s, but assuming a hypocentral depth of 1.0 km. The dashed square denotes the approximate detection limit of the digital network as shown in Fig. 3 .
There is further evidence for spatial migration in Fig. 10(a) . Overall, from 1995 October until 1996 August, the areas southwest of Nova São Rafael were mainly active (clusters a, b and c), although some minor activity persisted near BA1 between 1995 October and 1995 December (Fig. 11a) . Consequently more seismicity was recorded by the digital network than by BA1 in this time in- Figure 11 . Distribution of (t S − t P ) arrival times as recorded by BA1. (a) Shows the values of (t S − t P ) arrival times versus time. Arrows indicate the beginning of a month/year in which the seismicity was in more than one seismic area of the reservoir, or it migrated. (b) Shows the histogram of the distribution of (t S − t P ) arrival times of events recorded by BA1. The peak at 0.9 s relates to a cluster of activity ≈5-6 km away from BA1 and is referred to as BA1 cluster in Table 2 (see Section 3.1 for explanation).
terval (1995 October to 1996 August). However, from 1996 August until the end of 1996 October there was, once more, significant seismicity occurring near BA1 as well as continued activity to the south of Nova São Rafael. This explains why the white histogram bars (BA1) in Fig. 10 are again higher than the shaded bars (digital network) for this time period. Then from 1996 November onwards, Fig. 11(a) shows that the previously active area 5.7-7.5 km from BA1 is quiescent.
There is ample evidence, therefore, of a repeated shift of the locus of seismic activity over several kilometers during the time period when the digital network was operating. Although the time delays between peak water level and peak seismic activity for 1995 and 1996 remain unchanged (see Section 3 and Table 2 ), migration of seismic activity from zone to zone clearly contributes to the complex behaviour shown in Fig. 2 . Note that there is no systematic pattern to the migration. In some cases the activity shifts in a direction parallel to the long axis of the reservoir. In other instances the shift is to greater distances from the reservoir edge, but there is no consistent direction to the lateral migration as is clear from Fig. 3. 
DISC U S S I O N A N D C O N C L U S I O N S
RIS in the Açu area between 1987 and 1997 occurs in well-defined clusters aligned in NE trending elongate zones. These zones are subparallel to the strike of fault planes inferred from the earthquake focal mechanisms (Fig. 3) . Thus, we interpret these clusters to be the manifestation of faults that most likely correspond to weakly developed brittle faults mapped in this area. The seismicity is observed to migrate between these faults and within individual faults over different periods of time. There is no systematic trend to the lateral migration relative to the edge of the reservoir. The results of the spatio-temporal analysis are summarized in two tables. Table 2 summarizes the spatio-temporal evolution of events located by the digital network and the permanent station BA1. In 1994 NovemberDecember, we infer that most of the seismic activity was clustered in an area approximately 6 km to the south of BA1 although the location of these events is not well constrained. This area remained intermittently active over the remainder of the time period during which the digital network was operating, but the locus of activity shifted to the south of Nova São Rafael, well within the area covered by the digital network. For the events that were detected by the digital network it was possible to obtain good constraints on hypocentral locations as well as times of activation. Consequently, for these events it is possible to relate the activation of each cluster to the delayed effect of an increase in water level in the reservoir. Table 3 shows the values of the delays and the depths at which the seismic clusters located by the digital network were activated. We found that the time delay between the maximum in water level and the subsequent activation of clusters of seismic events increased as the average hypocentral depth of the clusters increased. More detailed analysis in Fig. 9 also showed that the duration of seismicity within each cluster corresponding to an individual reservoir level peak reduced systematically for clusters at greater depth. These results are consistent with the diffusion of fluid pressure as the dominant mechanism for triggering events at the Açu reservoir. The small size of Açu reservoir (only 2.4 × 10 9 m 3 ) suggests that the change in stress as a result of the load of the reservoir itself is negligible.
There are several features of the data that probably indicate the nature of the rock mass through which the fluid is diffusing. First, the elongate appearance of the earthquake clusters, particularly in map view (Fig. 3) , implies that there are a number of discrete faults embedded within the rock volume. The fluid is moving preferentially through these faults. Secondly, the relationship between average time delay and average hypocentral depth obtained for the digitally recorded seismicity (Fig. 9) indicates that the individual clusters occur on faults that have different average hydraulic properties. In particular, clusters a and b occur on faults that have slightly lower average conductivities compared to the fault on which cluster c is located. Thirdly, within each cluster the events are spatially and temporally scattered (Fig. 9) . This latter feature of the data may be attributed to a heterogeneous permeability structure within each fault. Variations in permeability lead to localized pathways of faster flow adjacent to areas of slow flow and hence the time at which the triggering pore pressure is reached at a given depth will vary.
Finally, the clusters are of limited spatial extent. This may be simply reflecting the fact that the faults are of finite dimensions, or it may be indicating that the events are occurring in the patches of the fault plane where the failure threshold is lower than adjacent areas.
Numerical models so far developed to investigate RIS are either 2-D homogeneous models (Roeloffs 1988; Talwani 1997) , or 2-D homogeneous models containing a 1-D homogeneous fault (Bell & Nur 1978; Simpson & Narasimhan 1992) . The spatio-temporal pattern of seismicity analysed here shows a clear example of RIS exhibiting complex 3-D migratory behaviour. The only 3-D models for RIS, by Kalpna (2000) and Chen & Talwani (2001) , assume a homogeneous medium, which is clearly inconsistent with the observations described above. The only model that does explicitly consider heterogeneity is a 2-D model that includes a heterogeneous matrix but a homogeneous fault (Lee & Wolf 1998) . In two related papers (do Nascimento et al. 2004a,b) , we present a model that incorporates 3-D geometry and realistic boundary conditions to investigate the pressure diffusion in the area and the role of structural heterogeneity (i.e. faults with heterogeneous properties) in order to provide new insights on the mechanisms that may cause the migratory behaviour observed at Açu.
